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Tuneable CO2 binding enthalpies by redox
modulation of an electroactive MOF-74
framework†

Patrick W. Doheny,a Ravichandar Babarao, b Cameron J. Kepert*a and
Deanna M. D’Alessandro *a

The [M2(dobdc)] series of frameworks (also known as MOF-74 and CPO-27, where M2+ = Zn, Mg, for

example, and dobdc2� = 4,6-dioxido-1,3-benzenedicarboxylate) have been the subject of enormous

interest in respect to their attractive gas adsorption properties that arise from the ultra-high

concentration of open metal sites. An interesting prospect with respect to future applications of these

materials is the possibility of generating a ‘switchable’ framework in which the guest adsorption can be

modulated by virtue of the redox state of the framework. Herein, we report a closely related metal–

organic framework (MOF), [Zn2(DSNDI)], where the redox state of the electroactive ligand DSNDI4�

(N,N0-bis(4-carboxy-3-hydroxyphenyl)-1,4,5,8-naphthalenetetracarboxydiimide) can be modulated using

both in situ and ex situ methods. The material is stable to both chemical and electrochemical reduction

of its organic DSNDI units without structural collapse or degradation, and remains porous to N2, H2 and

CO2. The chemically reduced frameworks demonstrate notable changes from the parent material,

particularly with respect to CO2 binding. The CO2 isosteric heat of adsorption (Qst) increases from

27.9 kJ mol�1 in the neutral material to 43.9 kJ mol�1 after reduction due to enhanced host–guest interactions,

the latter being comparable to the best performing member of the MOF-74 series, [Mg2(dobdc)]. The

origin of the enhanced interaction was probed using Density Functional Theory (DFT) calculations which

corroborated the presence of enhanced framework-CO2 interactions for the chemically-reduced MOF.

The tuneable CO2 binding character provides an attractive mechanism to tune gas separations and

capture.

Introduction

Metal–organic framework (MOF) materials have long been
recognised as promising candidates for a wide range of applications
including, but not limited to, CO2 storage,1–3 separations4–7 and
electrocatalysis.8–11 In the field of gas sorption,12–14 storage and
crude separations,7,15–17 the MOF-74/CPO-27 material,12

([M2(dobdc)], where M2+ = Mg, Mn, Fe, Co, Ni, Cu and Zn and
dobdc2� = 4,6-dioxido-1,3-benzenedicarboxylate), enjoys significant
attention due to its porosity and ultra-high concentration of
open metal sites that facilitate relatively strong guest binding
compared with typical physisorption in framework materials.18

One attractive means by which multifunctional properties
within a MOF may coexist or be tuned (such as gas sorption
or selectivity) is by use of a redox ‘switch’, where certain
characteristics emerge as a result of oxidation or
reduction.19–22 Despite this, the study of electroactive MOF-74
materials is comparatively limited and mostly confined to
redox-transformations of the metal ions such as Fe2+/3+

oxidation.23 Post-synthetic oxidation of the dobdc2� ligand
has also been reported,24 in addition to the use of 2,5-
disulfhydrylbenzene-1,4-dicarboxylate which led to an
enhanced charge mobility relative to the [M2(dobdc)]
material.25

A recent report by Saha26 described the synthesis of a
MOF-74 analogue incorporating the redox-active DSNDI ligand
(where DSNDI4� = N,N0-bis(4-carboxy-3-hydroxyphenyl)-1,4,5,
8-naphthalenetetracarboxydiimide) in which the band gap of
the framework was modified by infiltrating tetrathiafulvalene
(TTF) electron donors that interacted with the DSNDI acceptor
units. An additional report by Dincă27 focused on an analogous
framework utilising a regioisomer of the DSNDI ligand, NDISA
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(where NDISA4� = N,N0-bis(3-carboxy-4-hydroxyphenyl)-1,4,5,8-
naphthalenetetradicarboximide) that was studied for electro-
chromic applications upon in situ reduction of the ligand.

Motivated by previous work suggesting that the gas sorption
properties of MOFs can be switched by redox modulation,28–30

we now report the electroactive properties of the [Zn2(DSNDI)]
framework, hereafter denoted 1, via a combination of in situ
and ex situ techniques. Particular attention was focused on the
modification of its gas sorption properties (N2, H2, CH4 and
CO2), and the CO2 binding enthalpies by utilising post-
synthetic chemical reduction. Density Functional Theory
(DFT) calculations were employed to gain insights into the
origins of the enhanced framework-CO2 interactions for the
chemically-reduced materials. Such studies are important given
the strong attention that the parent MOF-74 materials have
received with respect to their guest sorption properties.
Notably, the presence of 1D honeycomb pores and an
ultra-high concentration of open metal binding sites upon
activation of the materials makes them highly attractive for
industrial gas capture and separations applications. The
realisation of tuneable guest adsorption by virtue of a redox-
active ligand enhances the multifunctionality of this family of
frameworks.

Results and discussion
Electrochemical and spectroelectrochemical properties

The electrochemical properties of 1 were examined using cyclic
voltammetry (CV) in 0.1 M [(n-C4H9)4N]PF6/DMF supporting
electrolyte. The CV (Fig. 1) showed two processes in the
cathodic region with a reversible, first process at �0.89 V vs.
Fc/Fc+ and a second, quasi-reversible process at �1.41 V vs.
Fc/Fc+ that became increasingly reversible at faster scan rates
consistent with the electrochemistry of previously reported
naphthalenediimide (NDI) containing frameworks.31 Given

the redox-innocent nature of the Zn2+ nodes of the framework,
the observed processes were assigned to the sequential electro-
chemical reduction of the NDI moiety of the DSNDI
ligands within the MOF structure to the NDI radical anion
and subsequent dianion species.27,28,32 This was supported by
solution-state CV of the DSNDI ligand (Fig. S2, ESI†) which
correlated well with that of the framework, showing that the
redox properties of the ligand had been successfully transferred
to the MOF.

The optical properties of the neutral and reduced species of
1 were examined using in situ solid-state UV-Vis-NIR spectro-
electrochemistry in 0.1 M [(n-C4H9)4N]PF6/DMF supporting
electrolyte. The diffuse reflectance spectrum of the neutral
material at 0 V (Fig. 2a) was characterised by a single band at
23 510 cm�1 that was attributed to the aromatic p - p*
transition of the DSNDI ligand. Upon reduction at �1.2 V,
bands in the visible region formed at 12 810, 14 260 and
16 520 cm�1 in addition to a sharp band at 21 050 cm�1; these
were attributed to the formation of the DSNDI radical anion
within the framework structure.33,34 The emergence of the new
bands was concurrent with a colour change of the initially
bright orange material to a deep brown and correlates well with
the spectroelectrochemistry of the H4DSNDI ligand (Fig. S3 and
S4, ESI†). Changing the potential further to �2.0 V (Fig. 2b) led
to the sample turning black with a large increase in the spectral
intensity alongside the appearance of bands at 17 150, 18 010,
19 010 and 19 940 cm�1 consistent with the formation of a
dianionic NDI species.33,34

Returning the potential to 0 V (Fig. S5, ESI†) led to the slow
decay of the visible bands and restoration of the initial spectrum
over the course of several hours. The slow decay of the radical
bands after the removal of the applied potential implied the
formation of a stable anionic radical. The restoration of the
initial spectrum and sample colour upon returning the potential
to 0 V was suggestive of a degree of reversibility and stability of
1 to electrochemical reduction.

The nature and delocalisation of the DSNDI radical within
the anionic MOF was further examined using in situ X-band
EPR spectroelectrochemistry. The initial spectrum at 0 V was
characterised by a weak isotropic signal that was attributed to
the formation of a photoradical during sample preparation that
is characteristic of NDI containing materials.33,35,36 Upon
application of an electrochemical potential the intensity of
the signal was observed to increase to give a sharp, isotropic
signal (Fig. S6a, ESI†) with a simulated (Fig. S6b, ESI†) g-value
of 2.0014, consistent with the formation of an organic radical.
The sharpness of the spectrum implied the presence of
unresolved hyperfine splitting of the signal. The EPR spectrum
of the electrochemical radical at 1.2 V was recollected (Fig. S7,
ESI†) using a modulation amplitude of 0.1 G to yield a poorly
resolved 13-line spectrum arising from hyperfine splitting of
the signal. The latter is consistent with the EPR spectro-
electrochemistry from previously reported studies of NDI radical
anions that also exhibit a characteristic 13-line signal arising
from hyperfine coupling of the NDI radical to the 14N and 1H
nuclei of the NDI moiety.34

Fig. 1 CV of 1 in 0.1 M [(n-C4H9)4N]PF6/DMF supporting electrolyte at
scan rates of 25–250 mV s�1. The arrow indicates the direction of the
forward scan.
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Porosity and gas sorption properties

The sorption properties of neutral 1 were examined using N2,
H2, CO2 and CH4, extending upon the work of Saha who
reported the N2 BET surface area of the material.26 The DMF
solvated de novo material was first activated according to a
similar procedure to that previously reported.26 The retention
of structure and crystallinity after both solvent exchange and
activation was confirmed using capillary PXRD (Fig. S8, ESI†)
prior to gas sorption analysis.

The N2 sorption properties at 77 K were characterised by
Type IV isotherm behaviour (Fig. 3a) with a minor hysteresis
observed in the high pressure region that was suggestive of a
microporous structure with a high concentration of vacant
adsorption sites. Applying BET theory yielded a surface area
of 1748 � 40 m2 g�1, a value comparable to those reported for
structurally analogous MOF-74 materials,12,37 but slightly lower
than that previously reported for 1 (cf. 2044 m2 g�1) by Saha and
co-workers.26 Although not significantly different, the discrepancy
may reflect differences in activation methods between this and

the previous study.26 Further analysis of the N2 isotherm data
enabled the characterisation of the pore size distribution (Fig. S9,
ESI†) and pore volume, with a single pore size of 22.5 Å (in good
agreement with the 23.8 Å pore width from the calculated model
structure) and associated pore volume of 0.53 cm3 g�1 calculated.

Given the strong interest in CO2 capture and storage with
respect to MOF-74 materials, the CO2 adsorption properties of
1 were examined at three temperatures of 298, 308 and 318 K
(Fig. S10, ESI†). The CO2 isotherms were indicative of Type I
sorption behaviour and modest uptake with a maximum of
1.27 mmol g�1 of CO2 adsorbed at 1200 mbar and 298 K
(Fig. 3b).

Type I behaviour was also observed with respect to the H2

(Fig. S11, ESI†) and CH4 (Fig. S12, ESI†) sorption properties
(Table 1) of the MOF, with considerably lower uptake of CH4

observed at 298 K (0.24 mmol g�1 at 1200 mbar) relative to CO2.
The variance in uptakes of CO2 vs. CH4 were tentatively attributed
to the differences in binding strength of the respective guests
(Fig. S13–S15, ESI†). Previous literature reports have demonstrated

Fig. 2 Solid-state UV-Vis-NIR spectroelectrochemistry of 1 in 0.1 M [(n-C4H9)4N]PF6/DMF electrolyte showing potential changes from (a) 0 to �1.2 V
and (b) �1.2 to �2.0 V where the arrows indicate the direction of the spectral progression. The step at 12 500 cm�1 is due to a detector change. Insets:
Photographs of the sample acquired in situ during the time-course of the experiment.

Fig. 3 Gas sorption isotherms of 1 showing adsorption of (a) N2 at 77 K and (b) CO2 at 298, 308 and 318 K. Adsorption and desorption are indicated by
closed and open triangles respectively.
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a preference of MOF-74 materials to adsorb CO2 over CH4 due
to its greater polarisability and steric influences that prevent
effective binding of the CH4 molecule at the open metal sites.38

Conversely, the smaller size and linear geometry of CO2 facil-
itate stronger interactions with the open metal sites leading to
enhanced uptake relative to CH4.

Upon completion of the gas sorption experiments the
material was examined again using capillary PXRD (Fig. S16,
ESI†) to assess the effects of multiple sorption and desorption
cycles of guests on the framework stability and structure. PXRD
confirmed that the structure had indeed been retained with
minimal changes in crystallinity (Fig. S16, ESI†).

Chemical modulation of guest uptake

In order to examine the effects of the electroactivity of the
framework on the sorption properties, chemical reduction of
the activated material 1 was carried out using 0.1 M lithium
naphthalenide (LiNP) in 0.5, 1.0, 2.0, 3.0, 4.0 and 5.0 stoichio-
metric equivalents to yield chemically reduced MOFs. All reduced
samples were washed with dry THF to remove any residual LiNP
or naphthalene from the framework post-reduction. The actual
degree of framework reduction was determined using ICP-MS,
with the measured ratio of Li to Zn used to quantify the extent of
reduction (ESI,† Table S3). The reduced frameworks (hereafter
denoted by their actual extent of reduction) were found to have
retained both structure and crystallinity as confirmed by capillary
PXRD (Fig. S17, ESI†). Solid state IR spectroscopy (Fig. S18, ESI†)
and TGA (Fig. S34–S40, ESI†) of the reduced samples following the
washing procedure also confirmed the removal of residual
naphthalene from the pore space.

The solid state UV-Vis-NIR spectra (Fig. 4) of the chemically
reduced samples showed distinct changes relative to the
neutral material. Highly intense visible bands were observed
at 13 070, 14 460, 16 210, 18 480 and 20 530 cm�1 and were
attributed to the formation of the DSNDI radical anion.34

Additional higher energy transitions at 26 840, 31 560, 38 070
and 43 410 cm�1 were also found for these samples. The visible
bands were assigned to the formation of the DSNDI radical
anion and correlated well with those from the spectroelectro-
chemical experiment, while the higher energy bands were
assigned to the aromatic transitions of the ligand.33,34 EPR
spectroscopy of the reduced samples (Fig. S19–S24, ESI†) also
confirmed the successful reduction of the framework with
simulated signals (Fig. S25, ESI†) corresponding to the DSNDI
radical anion (g = 2.0029) observed.

The surface areas of the chemically reduced materials were
calculated from the N2 isotherm data at 77 K (Fig. S26, ESI†).
Although the N2 sorption isotherms for the reduced samples
showed a qualitative similarity to that of the neutral material,
the BET surface areas (Table 2) were found to be considerably
lower, with increasing Li loading correlated with lower surface
areas. The N2 uptake was also found to decrease dramatically,
with the relatively low uptakes for the 2.27 and 2.82 equiv.
samples attributed to the presence of Li+ counterions, required
to charge balance the DSNDI radical anions, within the pore
space. Interestingly, although a single pore was detected in the
reduced samples, akin to the neutral material, the pore sizes
were slightly larger than that of the neutral MOF. This may
reflect a possible structural conditioning post-reduction to
accommodate the newly introduced DSNDI radical ligands
and corresponding Li+ counterions, as has been observed
previously.31,39 Although not detected, some residual neutral
naphthalene may be present in the reduced samples which
could be influencing the BET surface areas; however, this
contribution cannot be deconvoluted from the relatively larger
effect of Li+ filling the pore space. Future work will focus on the
effects of other reducing agents and the effects on CO2 binding.

The adsorption properties with respect to CO2 at 298, 308
and 318 K were examined for the samples chemically reduced

Table 1 Sorption properties, H2 and CO2 Qst values of 1. Qst values are
reported at the lowest attainable loading

Compound [Zn2(DSNDI)]

BET surface area (m2 g�1) 1748
Pore volume (cm3 g�1) 0.53
CO2 298 K loading (mmol g�1)a 1.27
H2 Qst (kJ mol�1) 7.1
CO2 Qst (kJ mol�1) 27.5
CH4 Qst (kJ mol�1) 18.3

a 1 bar at 298 K.

Fig. 4 Solid-state UV/Vis/NIR spectra of [Zn2(DSNDI)], 1 (black) and its
reduced analogues generated by chemical reduction with 0.39 (red), 0.47
(blue), 1.15 (brown), 1.82 (green), 2.27 (orange) and 2.83 equiv. (purple) of LiNP.

Table 2 BET surface areas and pore sizes of the neutral and chemically
reduced forms of 1

Material BET surface area (m2 g�1) Pore size (Å)

Neutral 1748 � 40 22.5
0.39 equiv. 1462 � 100 25
0.47 equiv. 1298 � 124 24.2
1.15 equiv. 1129 � 45 24.8
1.82 equiv. 1084 � 44 24.9
2.27 equiv. 950 � 79 24.7
2.83 equiv. 889 � 22 24.8
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by 0.39, 0.47, 1.15 and 1.82 equiv. of LiNP. Although still
maintaining modest porosity, the CO2 uptake of the 2.27 and
2.83 equiv. samples were characterised by very low uptakes and
extremely long equilibration times. This was attributed to the
occlusion of the pore space by Li+ counterions preventing
diffusion and uptake of large, polarisable guests such as CO2.
As such, only the sorption properties of the samples reduced by
0.39, 0.47, 1.15 and 1.82 equiv. are considered here, with all
four materials demonstrating Type I sorption behaviour (Fig. 5a
and Fig. S27–S29, ESI†). The uptakes of CO2 were found to be
lower than those in the neutral material at all three temperatures,
with a maximum uptake of 0.95 mmol g�1 recorded for the
0.47 equiv. sample at 298 K, a discrepancy attributed to the
occupation of the pore space with Li+. Given previous reports
demonstrating the tuning of the CO2 binding affinities of porous
MOF materials using redox modification,24,28–30 the CO2 isosteric
heats of adsorption (Qst) of the chemically reduced forms of 1
were of great interest. Applying the Clausius–Clapeyron equation
(see ESI†) to the CO2 isotherms obtained at 298, 308 and 318 K for
the 0.39, 0.47, 1.15 and 1.82 equiv. samples yielded Qst profiles
(Fig. 5b and Fig. S30, S31, ESI†) for all four samples.

The CO2 Qst value of the neutral form of 1 was calculated as
27.9 kJ mol�1, a value similar to that of the analogous Zn-MOF-
74 analogue (30.6 kJ mol�1);40 this is unsurprising as the
chemical environment of the parent system (Zn2+ open metal
sites and an aromatic ligand system) resembles that of 1 with
no major differences expected. The CO2 Qst values (Table 3) of
the 0.39 and 0.47 equiv. samples were similar to that of the
neutral material, this being attributed to the relatively low
degree of reduction that the framework had undergone. The
sample reduced by 1.15 equiv. of LiNP demonstrated a larger
increase in its CO2 binding affinity with a value of 43.9 kJ mol�1,
while the sample reduced by 1.82 equiv. had a relatively lower Qst

of 22.7 kJ mol�1. It should be noted that the Qst values for the
reduced phases were calculated at the lowest pressure data point
obtained. Thus, they do not strictly correspond to ‘zero-loadings’
(i.e., at 0 mbar), where the Qst may be higher.

The range of CO2 binding enthalpies recorded for the
reduced materials range from weak (25–30 kJ mol�1) to moderately
strong (30–50 kJ mol�1) physisorption interactions. Although this
trend may suggest that higher Li loadings would lead to higher Qst

values, the 1.82 equiv. sample was found to have an enthalpy of
adsorption that was approximately half of the maximum value,
and 5.2 kJ mol�1 lower than that of the neutral MOF. This suggests
that a certain ‘optimal’ Li loading may exist, at which point the
CO2 Qst is maximised, and beyond which the CO2 binding inter-
actions begin to decrease. While the binding affinities decrease at
the higher loadings, the uptakes are still appreciable, suggesting
that the high enthalpy sites become self-blocked at high loadings.

The observed modulation of CO2 binding enthalpies in the
chemically reduced frameworks arises due to the changes in
the chemical environment due to the formation of organic
DSNDI radical anions and the presence of the associated Li+

counterions. To gain insight into the nature of the host–guest
interactions between the framework and the CO2 and Li+

guests, DFT calculations (see ESI,† for simulation details) were
employed (Fig. S32 and S33, ESI†). The static binding energy of
CO2 in the neutral framework was 31.2 kJ mol�1. For the
reduced framework, the initial location of one Li+ was initially
identified from classical simulation, followed by a CO2

molecule. The latter yielded a binding energy of 55.5 kJ mol�1.
The enhanced binding upon reduction is consistent with the
experimental observations, and with previously reported
examples of redox-modulated framework materials.28–30,41,42

Fig. 5 (a) CO2 adsorption (closed triangles) and desorption (open triangles) isotherms of the neutral and samples reduced by 0.39, 0.47, 1.15 and
1.82 equiv. of LiNP at 298 K and (b) CO2 isosteric heat of adsorption profiles for the neutral and chemically reduced samples.

Table 3 CO2 298 K loadings and Qst values for the neutral and chemically
reduced forms of 1. Qst values are reported at the lowest attainable loading

Material CO2 298 K loading (mmol g�1)a CO2 Qst (kJ mol�1)

Neutral 1.27 27.9
0.39 equiv. 0.82 25.5
0.47 equiv. 0.95 29.5
1.15 equiv. 0.78 43.9
1.82 equiv. 0.83 22.7

a Bar at 298 K.
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These results demonstrate that the uptake and binding
strengths of porous MOF materials can be modified by exploit-
ing the counterion-guest interactions arising from ex situ
chemical oxidation or reduction.

The successful modulation of the CO2 Qst values demonstrated
a successful proof-of-concept in using chemical reduction as
a means to tune the guest affinities of electroactive MOF-74
analogues. Notably, the Qst value of 43.9 kJ mol�1 is significantly
higher than that of the neutral framework and is comparable to
the highest performing member of the MOF-74 series,
[Mg2(dobdc)] in terms of its CO2 binding enthalpy.3 Given that
the present study is concerned only with the Zn2+ material, this is
both an encouraging result and provides motivation for further
study of these electroactive MOF-74 analogues where their
intrinsic redox capabilities and open metal binding sites.

Conclusions

A previously reported MOF-74 framework analogue incorporat-
ing the redox-active DSNDI ligand has been characterised with
a particular focus on its CO2 sorption and electrochemical
properties. The framework was found to successfully retain
the electrochemical properties of the discrete DSNDI ligand,
exhibiting two reduction processes without loss of electrochemical
performance or structural collapse. The BET surface area and
CO2 enthalpy of adsorption were calculated from N2 and CO2

adsorption isotherms as 1748 � 40 m2 g�1 and 27.9 kJ mol�1

respectively, values that were comparable to the parent Zn-MOF-74
material. In order to assess the influence of the ligand’s electro-
active properties on the sorption functionalities of the framework,
chemical reduction using LiNP was performed with the resulting
materials containing radical DSNDI anionic species as confirmed
by both UV-Vis-NIR and EPR spectroscopies. The reduced frame-
works also demonstrated structural stability to guest desorption,
allowing the gas sorption properties to be assessed. The porosity of
the materials was successfully retained despite a decrease in BET
surface area that was attributed to the occupation of the pore space
by Li+ counterions. Notably, although the uptake of CO2 was
slightly reduced, a substantial increase in the CO2 enthalpy of
adsorption was observed, with a maximum Qst of 43.9 kJ mol�1

obtained for the sample reduced by 1.15 equiv. of LiNP. The
enhanced CO2 Qst value is comparable to the highest performing
member of the MOF-74 series, Mg-MOF-74, in terms of its CO2

binding strength. This strengthening of CO2 binding from weak to
strong physisorption interactions serves as a successful example of
the ability to enhance and modulate host–guest affinities by the
incorporation of electroactive components into porous framework
materials.

Experimental
[Zn2(DSNDI)] framework (1)

The [Zn2(DSNDI)] framework was synthesised according to a
previously reported procedure with minor modifications.26

A screw-cap Pyrex jar was charged with H4DSNDI (510 mg,

0.95 mmol) and Zn2(NO3)2�6H2O (630 mg, 3.33 mmol) which
was suspended and sonicated in a mixture of DMF (90 mL),
EtOH (15 mL) and H2O (15 mL). The mixture was then heated at
90 1C for 24 h before cooling to room temperature, after which
the supernatant was decanted and replaced with fresh DMF to
remove residual precursors. After soaking for 24 h the target
phase was obtained as an orange crystalline powder (0.41 g,
0.61 mmol, 64% based on DSNDI). Elemental Analysis: found:
C 47.75%, H 3.81%, N 7.03%; calculated for C28H10N2O10�
2.5DMF�2H2O: C 48.24%, H 3.59%, N 7.13%.

Activation of the framework was achieved by exchanging the
DMF solvent occupying the pore space with MeOH, with the
solvent exchanged twice a day for three days. After heating
under dynamic vacuum at 80 1C for 24 h, the activated frame-
work was obtained as a bright yellow crystalline powder. At no
point during the soaking or solvent exchanging steps was the
sample allowed to go dry or be exposed to air, with the material
kept under solvent at all times. The activated material was also
protected from exposure to the atmosphere and was handled
under an argon atmosphere in a glove box at all times prior to
analysis.

Gas sorption analysis

Gas sorption and porosity analysis was performed using a
Micromeritics 3-Flex over a 0–1.2 bar pressure range. Approximately
150–200 mg of sample was degassed at 80 1C under vacuum for
18 h prior to measurement. Nitrogen adsorption isotherms
were collected at 77 K using an incremental dosing of N2 gas from
0–1 bar with the Brunauer, Emmett and Teller (BET) model applied
to the data to extract the resulting surface area.

H2 sorption studies were performed at 77 and 87 K while
CO2 and CH4 sorption was carried out at 298, 308 and 318 K.
Isosteric heats of adsorption for H2, CO2 and CH4 were calculated
by applying the Clausius–Clapeyron equation to the sorption
isotherms obtained at the corresponding temperatures.

Electrochemistry

Electrochemical measurements on solid materials were performed
using a BASi Epsilon Electrochemical Analyser. Measurements
were recorded using a three electrode set-up consisting of a glassy
carbon working electrode, a platinum wire auxiliary electrode and
an Ag/Ag+ quasi-reference electrode in 0.1 M [(n-C4H9)4N]PF6/DMF
supporting electrolyte that was degassed with Ar. The sample was
mounted by dipping the glassy carbon working electrode into a
paste of the powdered sample in DMF. Ferrocene was added at the
completion of each experiment as an internal standard with all
potentials quoted as V vs. Fc/Fc+.

UV-Vis-NIR spectroelectrochemistry

UV-Vis-NIR spectroelectrochemistry of bulk materials was
carried out using a CARY5000 spectrophotometer equipped
with a Harrick Omni-Diff probe attachment. The Teflon
spectroelectrochemical cell consisted of a platinum quasi-
reference electrode, a silver wire auxiliary electrode and an
Indium–Tin–Oxide (ITO) coated glass slide working electrode
as reported previously.43 The sample was immobilised on the
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conductive side of the ITO slide using Teflon tape and the
applied potential controlled using an eDAQ e-corder 410
potentiostat. 0.1 M [(n-C4H9)4N]PF6/DMF supporting electrolyte
was used for all measurements with all spectral data reported
as the Kubelka–Munk transform, where F(R) = (1 � R)2/2R
(where R is the diffuse reflectance of the sample relative to
the Teflon baseline).
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V. Crocellà, J. D. Howe, K. Lee, A. L. Dzubak, W. L. Queen,
J. M. Zadrozny, S. J. Geier, L.-C. Lin, L. Gagliardi, B. Smit,
J. B. Neaton, S. Bordiga, C. M. Brown and J. R. Long, J. Am.
Chem. Soc., 2014, 136, 10752–10761.

17 J. E. Bachman, M. T. Kapelewski, D. A. Reed, M. I. Gonzalez
and J. R. Long, J. Am. Chem. Soc., 2017, 139, 15363–15370.

18 W. L. Queen, M. R. Hudson, E. D. Bloch, J. A. Mason,
M. I. Gonzalez, J. S. Lee, D. Gygi, J. D. Howe, K. Lee,
T. A. Darwish, M. James, V. K. Peterson, S. J. Teat, B. Smit,
J. B. Neaton, J. R. Long and C. M. Brown, Chem. Sci., 2014, 5,
4569–4581.

19 D. M. D’Alessandro, Chem. Commun., 2016, 52, 8957–8971.
20 I. Mjejri, C. M. Doherty, M. Rubio-Martinez, G. L. Drisko

and A. Rougier, ACS Appl. Mater. Interfaces, 2017, 9,
39930–39934.

21 S. Wang, J. Liu, H. Zhao, Z. Guo, H. Xing and Y. Gao, Inorg.
Chem., 2018, 57, 541–544.

22 M.-S. Yao, X.-J. Lv, Z.-H. Fu, W.-H. Li, W.-H. Deng, G.-D. Wu
and G. Xu, Angew. Chem., Int. Ed., 2017, 56, 16510–16514.

23 E. D. Bloch, L. J. Murray, W. L. Queen, S. Chavan,
S. N. Maximoff, J. P. Bigi, R. Krishna, V. K. Peterson,
F. Grandjean, G. J. Long, B. Smit, S. Bordiga, C. M. Brown
and J. R. Long, J. Am. Chem. Soc., 2011, 133, 14814–14822.

24 A. F. Cozzolino, C. K. Brozek, R. D. Palmer, J. Yano, M. Li
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